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(54) Diffused titanium resistor and method for fabricating same 



(57) According to the preferred embodiment of the 
present invention, an improved resistor and method of 
fabrication is provided. The method for fabricating a re- 
sistive element into an integrated circuit semiconductor 
device comprises the steps of: depositing a dielectric 
film, such as silicon nitride; depositing a titanium film up- 



on the dielectric film; and annealing the titanium and di- 
electric films. This causes titanium to be diffused into 
the dielectric film. This creates a resistive element hav- 
ing a relatively high resistivity. The preferred embodi- 
ment method has the advantage of being easily integrat- 
ed into conventional integrated circuit fabrication tech- 
niques. 
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Description 

The present invention generally relates to semicon- 
ductor devices, and more specifically relates to fabricat- 
ing resistors in semiconductor devices. 

The use of integrated circuits has spread to all types 
of products for many types of uses. These integrated 
circuits contain a wide variety of components, such as 
field-effect transistors, bipolar transistors, etc. Some of 
the necessary but also the more difficult and space in- 
tensive components to fabricate are resistive elements 
or resistors. 

The types of resistors which can be fabricated in 
integrated circuit (I.C.) processing can be classified into 
three categories: (1) diffused resistors; (2) field effect 
resistors, and (3) thin-film resistors. 

Diffused resistors are created by doping the semi- 
conductor device with nor p type materials and anneal- 
ing the semiconductor device. The resistance of the dif- 
fused resistor depends upon the length, width, depth of 
the diffusion and resistivity of the diffused material. The 
resistivity of the diffused material is dependent upon the 
dopant and junction profile of the dopant species after 
a high temperature anneal. 

Field-effect resistors are transistors used in deple- 
tion-mode and modulated by the implantation that con- 
trols the threshold voltage of the transistors. 

The diffused resistor and field-effect resistor each 
have the advantage of being easily integrated into the 
I.C. fabrication process. However, these types of resis- 
tors also have numerous disadvantages. Specifically, 
these types of resistors are usually limited in resistance 
and tolerance because the parameters controlling these 
resistances are the same parameters that must opti- 
mized for device performance. Thus, only low resistanc- 
es are available with practical I.C. diffusion structures 
or field effect transistors. Additionally, the diffused resis- 
tors have the drawback of requiring excessive space on 
the I.C , a serious disadvantage as the size of I.C. s con- 
tinues to shrink. 

Conversely, the third category of resistors, thin film 
resistors, are typically resistive metal films which are de- 
posited upon dielectric materials such silicon dioxide 
(Si0 2 ). These thin film resistors have the advantage of 
sparing critical area upon the silicon (Si) substrate. Un- 
fortunately, these resistors are typically produced only 
in Back-End-Of-Line (BEOL) processing and are thus 
limited in application. 

There are several metallic films that can be used in 
thin film resistors with relatively high impedance 
(1000-1 0,000 oh ms/sq.). For example, thin film resistors 
can be created using metals such as cermets (Ni/Cr. Cr/ 
Si0 2 ) and rhenium. Unfortunately, these resistor mate- 
rials are not commonly used in standard VLSI process- 
ing, and thus are difficult and costly to implement into 
the fabrication process. Additionally, the required met- 
allurgical contact to these resistors as well as to Si de- 
vices may require different materials which may be in- 



compatible in Si device processing. 

Thus, the prior art suffers from the inability to make 
small and easy to manufacture resistors in I.C. process- 
ing. Therefore, what is needed is improved resistors ca- 
5 pable of offering high resistance which can be easily in- 
tegrated into conventional processing methods. 

In accordance with the present invention, there is 
now provided a method for fabricating a resistive ele- 
ment into an integrated circuit semiconductor device, 
io the method comprising the steps of: a) depositing a di- 
electric film; b) depositing a titanium including film upon 
said dielectric film; and c) annealing said titanium includ- 
ing film and said dielectric film such that titanium is dif- 
fused into said dielectric film. 

Viewing the present invention from another aspect, 
there is now provided a method for fabricating a resistive 
element into an integrated circuit semiconductor device, 
the method comprising the steps of: a) forming a first 
contact; b) depositing a silicon nitride film on said first 
contact, said silicon nitride film having a first side con- 
tacting said first contact and an exposed second side 
and wherein the dimension between said first and sec- 
ond sides defines a resistive dimension, said resistive 
dimension less than 120 nm; c) depositing a titanium 
film upon said exposed second side of said silicon nitride 
film, said titanium film having a thickness between 5 and 
40 nm; d) depositing a titanium nitride cap upon said 
titanium film, said titanium nitrogen cap having a thick- 
ness of 30-70 nm; e) annealing said integrated circuit 
such that titanium is diffused from said titanium film into 
said dielectric film, said annealing being for 20 to 40 min- 
utes at a temperature between 525°C and 625°C; f) re- 
moving said titanium film and said titanium nitride cap; 
and g) forming a second contact, said second contact 
contacting said second side of said silicon nitride film. 

Viewing the present invention from yet another as- 
pect, there is now provided a semiconductor resistor, the 
resistor comprising a) a dielectric layer; and b) titanium 
diffused into said dielectric layer. 

In a preferred embodiment of the present invention, 
there is provided a method for fabricating a resistive el- 
ement into an integrated circuit semiconductor device 
comprising the steps of: depositing a dielectric film, such 
as silicon nitride; depositing a titanium film upon the di- 
electric film; and annealing the titanium and dielectric 
films. This causes titanium to be diffused into the die- 
lectric film. This creates a resistive element having a rel- 
atively high resistivity. 

It is thus an advantage of the present invention to 
provide a method for fabricating a resistor that creates 
high resistivity resistors, with materials and methods 
common in integrated circuit processes. 

Preferred embodiments of the present invention will 
now be described, by way of example only, with refer- 
ence to the accompanying drawings, in which: 

FIG. 1 is a cross-sectional side view of a semicon- 
ductor device: 
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FIG. 2 is a cross-sectional side view of a semicon- 
ductor device: 

FIG. 3 is a cross-sectional side view of a semicon- 
ductor device: 

FIG. 4 is a cross-sectionaj s:de view of a semicon- 
ductor device: and 

FIG. 5 is a cross-sectional side view of a semicon- 
ductor device containing a diffused titanium resis- 
tor. 

A resistor design and fabr-cation method is provided 
that creates a high resistance compact and easily fab- 
ricated resistive element. The preferred embodiment re- 
sistor fabrication method uses materials that are com- 
mon in I.e. processing. Additionally, the preferred em- 
bodiment resistor has the advantage of a high resistivity 
that can be produced early in the fabrication process 
and does not require waiting until Back-End-of-Line 
(BEOL) processing. The preferred embodiment resistor 
can "be used in a wide variety of I.C. products, i.e., 
SRAMS, logic elements, microprocessors. 

The preferred embodiment uses a technique to fab- 
ricate high-load titanium silicon nitride (TiSiN) resistors. 
These resistors can have resistances of 10 12 - 10 14 
ohms/sq. The materials used to create the TiSiN resistor 
are materials commonly used in I.C. processing, namely 
titanium (Ti) and silicon nitride (Si 3 N 4 ), and thus are eco- 
nomical alternatives to more costly and complex de- 
signs. 

The resistor design and fabrication method of the 
preferred embodiment has the additional advantage of 
being easily adaptable to a vertical resistor plug struc- 
ture. The vertical resistor plug structure includes a lower 
contact and an upper contact, with a resistive material 
between the contacts. The resistive dimension of a ver- 
tical resistor plug, defined as the length of the conduc- 
tivity path through the resistive material, is the depth of 
the resistive material between the two contacts. The 
preferred resistor design, when implemented in a verti- 
cal resistor plug structure has the advantage of having 
dimensions as small as a single contact, but able to in- 
crease in size to several contacts where lower resist- 
ance is desired. This structure combined with the pre- 
ferred resistor design provides a high resistance, inde- 
pendent of other process parameters, such that the re- 
sistance can be uniquely optimized. 

Turning now to FIG. 1, FIG. 1 is a cross sectional 
side view of a semiconductor device 1 00. The semicon- 
ductor device 100 will be used to illustrate a TiSiN re- 
sistor in accordance with the preferred embodiment. In 
particular, a vertical resistor plug will be illustrated with 
semiconductor device 100. However, the fabrication 
method and resistor design of the preferred embodi- 
ment is not limited to the structure of a vertical resistor 
plug. 



The semiconductor device 100 includes a substrate 
102 region, oxide regions 104, 106 and a contact 112. 
The substrate 102 typically comprises silicon, but can 
suitably comprise other substrate materials. The oxide 

$ regions typically comprise a field oxide such as silicon 
dioxide (Si0 2 ) or tetra-ethyl-ortho-silicate (TEOS). Ox- 
ide region 104 is first deposited on the substrate 102. 
The oxide 1 04 would then be etched and the contact 
112 deposited in the etched cavity. The contact 112 is 

10 suitable metal contact, such as tungsten or aluminum, 
and is typically formed using a reactive ion etch. The 
contact 112 serves to connect the resistor element to 
the other elements, not shown, on semiconductor de- 
vice 100. 

1 $ Oxide region 1 06 is then be deposited. Contact 1 1 2 
is then exposed by creating an open region 114 in the 
field oxide. This open region 114 is typically created us- 
ing standard lithographic masking techniques. Of 
course, other suitable processes could be used to cre- 

20 ate the contact 112 and the opening 114 to the contact 
112. 

Turning now to FIG. 2, FIG. 2 is a cross sectional 
side view of a semiconductor device 100. The first step 
in fabricating a TiSiN resistor in accordance with the pre- 

2S ferred embodiment is to deposit a thin dielectric film 1 20 
on the semiconductor device 100, specifically, contact- 
ing at least a portion of contact 12. The dielectric film 
120 is preferably created using a low-pressure chemi- 
cal-vapor-deposition (LPCVD) process. The dielectric 

30 film 1 20 preferably consists of silicon nitride (Si 3 N 4 ) but 
suitably could comprise silicon dioxide (Si0 2 ). Prefera- 
bly the film 1 20 is less than 8 nm thick, but suitably has 
a thickness of less than 120 nm. As will be explained in 
greater detail, the preferred embodiment has the advan- 

35 tage of being able to vary the resistivity of the resistor 
by varying the thickness of dielectric film 120. 

Turning now to FIG. 3, FIG. 3 is a cross sectional 
side view of a semiconductor device 1 00. The next step 
in the preferred embodiment is to deposit a titanium lay- 

40 er 130 atop the dielectric film 120. The titanium layer 
130 is preferably sputter-deposited using well known 
techniques, but other deposition methods can also be 
used. For example, a LPCVD process can be used, and 
would result in titanium layer 130 covering portions of 

45 dielectric film 120 on the sides of the opening 114 as 
well. 

Preferably, the titanium layer 130 includes a titani- 
um nitride (TiN) "cap," and thus comprises a Ti/TiN 
stack. Specifically, the bottom portion 132 of the Ti/TiN 

50 stack preferably comprises 5-40 nm of Ti, and the cap 
top portion 134 preferably comprises 30 - 70 nm TiN. 
The resistivity of the final resistor will depend upon the 
thickness of the Ti film deposited. The greater the thick- 
ness of the Ti film, the more Ti which will be diffused into 

55 the resistor, resulting in lower resistance. Additionally, 
to fabricate a resistor with more resistance, a thicker di- 
electric film 120 is required, and likewise a thicker film 
of Ti 
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The use of the TiN cap has the advantage of block- 
ing underlying Ti from reacting with the nitrogen of the 
annealing ambient. Thus, more of the underlying Ti is 
diffused into the dielectric film 1 20. In an alternative em- 
bodiment, the titanium layer comprises a single layer of 
Ti, with a thickness between 5 and 40 nm. 

Turning now to FIG. 4, FIG. 4 is a cross-sectional 
side view of a semiconductor device 100. After titanium 
layer 1 30 has been deposited, the next step is for sem- 
iconductor device 100 to be annealed in an inert ambient 
such as nitrogen or forming gas (90% N 2 , 1 0% H 2 ). The 
anneal causes Ti from titanium layer 1 30 to diffuse into 
the dielectric layer 120 as illustrated. This diffusion cre- 
ates a titanium diffused dielectric film having a limited 
conductivity suitable for a resistor. 

The annealing is suitably done for 10 - 1 20 minutes 
at 450 - 750°C, and more suitably done for 20 to 40 min- 
utes at 525 - 625°C, with a preferred annealing for 30 
minutes at 600°C. The resistivity of the resulting resistor 
is dependent upon the time and temperature of the an- 
nealing process. The actual temperature used for the 
annealing would therefore vary according to the desired 
resistivity. Additionally, it may be desired to vary the an- 
nealing time and temperature depending upon the part 
of the fabrication process in which the resistor is being 
created. 

For a resistor to be created in the preferred embod- 
iment, the semiconductor device should be annealed 
such that titanium is diffused into the dielectric layer 1 20. 
When the semiconductor device 100 is annealed at 
proper temperatures and for proper time, only a small 
percentage of Ti enters the Si 3 N 4 , and will remain in that 
film. The longer the annealing, the more Ti will enter, 
resulting in higher conductivity of the resulting film. How- 
ever, if it is over-annealed, the titanium reacts with the 
Si 3 N 4 and forms TiSi and TiN, causing the nitride film to 
break up, and a workable resistor will not be formed. 

Turning now to FIG. 5, FIG. 5 is a cross sectional 
view of a semiconductor device 100. After annealing, 
the remaining portions of titanium layer 130 are re- 
moved. This is preferably done by a selective metal etch 
but other suitable methods can be used. 

After the titanium has been removed, an upper con- 
tact 1 40 is deposited. The upper contact preferably com- 
prises aluminum and is preferably deposited during the 
BEOL final wiring. Of course, the upper contact can 
comprise other suitable materials and can be created at 
any time in the fabrication process. Then, the excess 
portions of contact material are removed along with ex- 
cess portion of Ti diffused St 3 N 4 . This completes the fab- 
rication of the resistor. 

In the preferred and illustrated embodiment, the 
created resistors comprises a vertical resistor plug. 
Namely, the resistive element 150 comprises Ti diffused 
film of Si 3 N 4 between a lower and upper conduct. The 
resistance of a vertical resistor plug will depend upon 
the amount of titanium annealed into the dielectric film, 
and the area and depth of the resulting resistive element 



150. Again, with a vertical resistor plug structure, the 
depth of the resistive element 150 comprises the resis- 
tive dimension. The resistivity of the resistor can be in- 
creased by increasing the resistive dimension, or by de- 

s creasing the area of the resistive film. 

The preferred embodiment resistor has numerous 
advantages and it is expected to find particular applica- 
tion in those circuits which require high-value bleed re- 
sistors such as Static Random Access Memory (SRAM) 

J0 cells. 

The method of the preferred embodiment has been 
tested and proved successful. As an example of a TiSiN 
resistor in accordance with the preferred embodiment, 
TiSiN resistors were created by depositing 5 nm of low- 
's pressure chemical-vapor-deposited (LPCVD) Si 3 N 4 and 
then sputter-depositing a film stack of 10 nm Ti and 40 
nm TiN. After a low-temperature forming gas anneal, the 
residual Ti or Ti/TiN stack was removed in a selective 
metal etch for 9 minutes. 

20 Resistors created using this preferred method have 
been measured for the resistivity of the films created. 
When the annealing temperature was 550°C, the resis- 
tivity was calculated to be approximately 10 7 ohms-cm. 
When annealed at 600° C, the resistivity was approxi- 

25 mately 10 6 ohms-cm. 

An analysis of the created resistors using Auger, 
Rutherford Backscattering Spectra (RBS) and Second- 
ary Ion Mass Spectroscopy (SIMS) found that the result- 
ing resistive film comprises approximately 4 to 7% by 

30 weight Ti, that amount having been diffused into the 
Si 3 N 4 film by annealing for 30 minutes at 550°C in a 
forming gas ambient. Further SIMS analysis shows that 
both Si-N and Ti-N signals are evident within the Si 3 N 4 
film. This suggests that Ti tends to bond with N within 

35 the Si 3 N 4 (i.e., by breaking Si-N bonds), thereby leaving 
Si unbonded. However, from a second SIMS analysis, 
a Si-O signal was detected within the resistive film, sug- 
gesting that the Si immediately bonds to any oxygen 
which may be present in the Ti/TiN or Si 3 N 4 films. 

40 Further analysis using High Resolution Transmis- 
sion Electron Microscopy (HRTEM) shows that the 
Si 3 N 4 film remains intact and that the Ti does not appear 
to diffuse through the film and into the Si substrate. Of 
course, the stoichiometry of the TiSiN resistor is de- 

45 pendent upon the annealing conditions-- higher anneal- 
ing will tend to allow more Ti into the Si 3 N 4 and should 
increase the conductivity of the Si 3 N 4 film. 

There are a number of advantages in creating a Ti- 
SiN resistor in terms of processing and layout. Because 

so the resistivity of the film is very high, long and narrow 
lines of the material are not required, thereby saving 
chip space. In addition, temperatures used to create the 
TiSiN are low enough such that the resistor can be proc- 
essed in the BEOL, at practically any metal wiring proc- 

55 ess. Indeed, the TiSiN resistor is ideally suited as a ver- 
tical resistor plug between contacts. 

White the invention has been particularly shown 
and described with reference to a preferred exemplary 
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embodiment thereof, it will be understood by those 
skilled in the art that various changes in form and details 
may be made therein without departing from the scope 
of the invention. 



Claims 

1 . A method for fabricating a resistive element into an 
integrated circuit semiconductor device, the meth- to 
od comprising the steps of: 

a) depositing a dielectric film; 

b) depositing a titanium including film upon said '5 
dielectric film; and 



2. 



3. 



c) annealing said titanium including film and 
said dielectric film such that titanium is diffused 
into said dielectric film. 

The method of claim 1 wherein said dielectric film 
comprises a nitride layer. 



ing comprises annealing for between 10 and 120 
minutes. 

1 3. The method of claim 1 wherein said step of anneal- 
ing comprises annealing at a temperature between 
525°C and 625°C for between 20 and 40 minutes. 

14. The method of claim 1 further comprising the step 
of removing excess of said titanium including film 
after said step of annealing. 

15. The method of claim 1 wherein said step of depos- 
iting a dielectric comprises depositing a dielectric 
film atop a contact and further comprising the step 
of depositing a second contact above said dielectric 
film, creating a vertical resistor. 



The method of claim 2 wherein said dielectric film 2S 
comprises Si 3 N 4 . 18. 

The method of claim 1 wherein said dielectric film 
has a resistive dimension of less than 8 nanome- 
ters. 30 



16. A resistor fabricated by the method of claim 1 . 
^0 17. a semiconductor resistor, the resistor comprising 

a) a dielectric layer; and 

b) titanium diffused into said dielectric layer. 



The resistor of claim 17 wherein said dielectric layer 
has a resistive dimension, said resistive dimension 
defined as the length of conductive path of said re- 
sistor, and wherein said resistive dimension less 
than 8 nm. 



5. The method of claim 1 wherein said dielectric film 
has a resistive dimension of less than 120 nanom- 
eters. 

6. The method of claim 1 wherein said dielectric film 
comprises Si0 2 . 

7. The method of claim 1 wherein said titanium includ- 
ing film has a thickness of 5 to 40 nm. 

8. The method of claim 1 wherein said titanium includ- 
ing film additionally includes nitrogen. 

9. The method of claim 1 wherein said titanium includ- 
ing film comprises a titanium portion and a titanium 
nitride cap portion. 

1 0. The method of claim 1 wherein said titanium portion 
has a thickness between 5 and 40 nm, and wherein 
said titanium nitrogen cap portion has a thickness 
between 30 and 70 nm. 

11. The method of claim 1 wherein said step of anneal- 
ing comprises annealing at a temperature less than 
750*0 and greater than 450 :, C. 

12. The method of claim 1 wherein said step of anneal- 



35 



40 



19. The resistor of claim 17 wherein said dielectric layer 
has a resistive dimension, said resistive dimension 
defined as the length of conductive path of said re- 
sistor, and wherein said resistive dimension less 
than 120 nm. 

20. The resistor of claim 17 wherein said dielectric layer 
comprises nitride. 

21 . The resistor of claim 1 7 wherein said dielectric layer 
comprises Si 3 N 4 . 



22. The resistor of claim 1 7 wherein said dielectric layer 
45 comprises St0 2 . 

23. The resistor of claim 1 7 wherein said dielectric layer 
comprises 4 to 7 percent titanium by weight. 

50 24. The resistor of claim 17 wherein said resistor com- 
prises a vertical resistor. 

25. The resistor of claim 17 further comprising: 

55 i) a first contact adjacent and below said dielec- 

tric film; and 

ii) a second contact adjacent and above said 
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(54) Diffused titanium resistor and method for fabricating same 



(57) According to the preferred embodiment of the 
present invention, an improved resistor and method of 
fabrication is provided. The method for fabricating a re- 
sistive element into an integrated circuit semiconductor 
(120) device comprises (100) the steps of: depositing a 



dielectric film (120), such as silicon nitride; depositing a 
titanium film (1 30) upon the dielectric film (1 20); and an- 
nealing the titanium and dielectric films. This causes ti- 
tanium to be diffused into the dielectric film (120). This 
creates a resistive element having a relatively high re- 
sistivity. 
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